Peripheral neuropathy Lipid-enriched diet Trembler J mice Peripheral myelin protein 22 Macrophage Cholesterol A B S T R A C T Charcot-Marie-Tooth (CMT) diseases comprise a genetically heterogeneous group of hereditary peripheral neuropathies. Trembler J (TrJ) mice carry a spontaneous mutation in peripheral myelin protein 22 (PMP22) and model early-onset, severe CMT type 1E disease. Recent studies indicate that phospholipid substitution, or cholesterol-enriched diet, benefit myelinated nerves, however such interventions have not been tested in earlyonset dysmyelinating neuropathies. Here, we examined the lipid profile of peripheral nerves from 6-month-old TrJ mice with advanced neuropathy and tested the impact of a 6-week-long neutral lipid-enriched high-fat diet (HFD) on neuropathy progression in young, newly-weaned mice. Oil Red O staining showed pronounced neutral lipid accumulation in nerves from 6-month-old TrJ mice, along with elevated levels of key cholesterol and triglyceride transport proteins including apoE, LRP1 and ABCA1, compared with wild type (Wt). In young mice, the short-term HFD intervention increased serum cholesterol levels without impacting triglycerides, or body and liver weights. Tissue samples from neuropathic TrJ mice showed improvements in the maintenance of myelinated axons after the 6-week-long dietary intervention, and this effect was evident both in the sciatic and phrenic nerves. Concomitantly, aberrant Schwann cell proliferation was attenuated, as detected by reduction in mitotic markers and in c-Jun expression. Nerves from HFD-fed TrJ mice contained fewer macrophages, with a normalized count of CD11b + cells. In addition, we detected an increase in neutral lipids in the nerve endoneurium and a trend toward normalization of apoE, LRP1, and ABCA1 expression after the HFD feeding.
Introduction
Charcot-Marie-Tooth (CMT) diseases represent a heterogeneous group of progressive hereditary peripheral neuropathies. It is estimated that in~60% to nearly 90% of patients the primary defect involves myelin dysfunction due to mutations in Schwann cell proteins, such as peripheral myelin protein 22 (PMP22) (DiVincenzo et al., 2014; Ekins et al., 2015; Fridman et al., 2015) . So far, > 45 missense mutations in PMP22 have been identified, phenotypically ranging from mild compression-induced neuropathies to severe early-onset diseases (Li et al., 2013) . Trembler J (TrJ) mice carry a spontaneous Leu16Pro substitution in the first transmembrane domain of PMP22, which is identical to a mutation in humans with early-onset severe neuropathy (Suter et al., possibly due to dysfunctional neuromuscular junctions and subsequent paralysis (Notterpek et al., 1997; Scurry et al., 2016) .
Myelin is fundamental in facilitating the conduction of electrical impulses in the nervous system. Similar to other biological membranes, myelin contains high levels of lipids, accounting for 70% of its total dry weight (Jackman et al., 2009; Brady et al., 2011) . Phospholipids are most abundant in peripheral nerves and are required for myelin formation (Jackman et al., 2009; Brady et al., 2011) . In addition to polar phospholipids, non-polar neutral lipids such as cholesterol esters and triglycerides are also abundant (Berry et al., 1965) . Indeed, cholesterol constitutes~26% of total lipids and is essential for myelin development and maintenance (Saher et al., 2005; Jackman et al., 2009; Saher et al., 2009; Brady et al., 2011) . When genes controlling cholesterol or fatty acid synthesis are mutated in Schwann cells, affected mice develop abnormally myelinated peripheral nerves (Saher et al., 2009; Cermenati et al., 2015; Montani et al., 2018) . In accordance, in CMT1A animals with PMP22 overexpression, genes related to lipid synthesis are significantly down-regulated (Vigo et al., 2005; Fledrich et al., 2012) , while in PMP22-deficent mice genes and proteins related to cholesterol transport are induced . In sciatic nerves of Trembler (Tr) mice, carrying a PMP22 point mutation at Glycine 150 to Aspartic acid (Suter et al., 1992b) , ketone body incorporation for lipid synthesis is decreased (Clouet and Bourre, 1988) . It was previously reported that while most lipids are significantly reduced in nerves from Tr mice, the levels of cholesterol esters are increased compared to normal (Larrouquere-Regnier et al., 1979; Juguelin et al., 1986) . Detailed studies on lipid metabolism in nerves from TrJ mice have not been performed.
Although nerve lipids are normally produced in situ (Jurevics and Morell, 1994; Schmitt et al., 2015) , peripheral nerves can be impacted by exogenous lipids from plasma. Under long-term systemic hyperlipidemic conditions, such as in diabetes, axons of peripheral nerves may be affected and damaged (Xu et al., 2014; Feldman et al., 2017) . Fatty acid transport proteins, found in the myelin sheath, can incorporate long-chain fatty acids and influence axonal biology (Feldman et al., 2017) . In demyelinated CNS lesions, exogenous dietary cholesterol was shown to support oligodendrocyte precursor differentiation and provide permissive environment for myelin repair (Berghoff et al., 2017) . In the PNS, a phospholipid-enriched diet rescued myelinated axons and ameliorated neuropathic symptoms in CMT1A rats (Fledrich et al., 2018) .
Here, we examined the involvement of lipid metabolism in symptomatic TrJ neuropathic nerves, and investigated the influence of a neutral lipid-enriched diet on the pathogenesis of the neuropathy in newly-weaned, 3-week-old mice. After a 6-week-long high-fat diet (HFD) intervention, we observed improved myelination, with reduced cell proliferation and fewer macrophages in TrJ neuropathic nerves. This short-term HFD intervention had no detrimental effects on nerves in Wt mice.
Materials and methods

Mice, diet and experimental design
Breeding colonies of wild type (Wt) and heterozygous Trembler J (TrJ) mice on the C57BL/6 background were purchased from the Jackson Laboratory (Bar Harbor, ME) and housed in pathogen-free facilities at the University of Florida McKnight Brain Institute. The use of animals for these studies was approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Florida.
We determined the genotype of each animal by PCR using genomic DNA isolated from tail biopsies (Notterpek et al., 1997) . At 3 weeks of age, male and female Wt and neuropathic TrJ mice were randomly assigned to a 6-week-long control chow (CD) (2018, Envigo, Madison, Wisconsin) or a neutral lipid-enriched, high-fat diet (HFD) (88,137, Envigo). The HFD provides 42% of calories from fat, compared with 18% in the CD. Detailed information on the diets is shown in Table 1 . Before sacrifice and tissue collection, mice were fasted for 4-6 h and the body weight was measured. After euthanasia, blood was collected for serum isolation, and the remaining blood was flushed out at low pressure via transcardial perfusion using cold phosphate buffered saline (PBS). Subsequently, the whole liver and the sciatic nerves were collected. The effects of HFD feeding were similar between male and female mice, thus the results include data from both sexes combined. In total, we used 66, 3-week-old TrJ mice for the diet intervention studies.
Oil Red O staining
Frozen sciatic nerves were sliced at 20 μm thickness and fixed in 4% paraformaldehyde (PFA) for 30 min. Freshly-frozen livers were sectioned at 8 μm thickness and fixed in 10% formalin for 15 min. Sections were immersed in 0.5% Oil Red O solution in propylene glycol (Sigma, St. Louis, MO) for 10 min at 60°C. After differentiation in 85% propylene glycol, samples were counterstained with Mayer's Hematoxylin (Sigma) and mounted with a glycerol-based mounting media (Thermo Fisher, Waltham, MA). Images were digitally captured using an Olympus BX43 upright microscope outfitted with an Olympus DP80 camera. Lipid particle density was quantified using the NIH Image J software. Briefly, a colour threshold was selected, and lipid particles with an area size > 0.15 μm 2 were counted automatically by the software.
Western-blotting
Frozen sciatic nerves were homogenized in modified radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris, 150 mM NaCl, pH: 8.0, 2% SDS, 0.5% sodium deoxycholate, 1% TritonX-100) supplemented with complete protease (Roche, Basel, Switzerland) and phosphatase (Sigma) inhibitors. Equal amounts of protein were separated on sodium dodecyl sulfate (SDS) polyacrylamide gels, followed by transfer onto nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were blocked in 2.5% bovine serum albumin and incubated with the indicated primary antibodies overnight at 4°C. The following primary antibodies were used: rabbit anti-ABCA1 (NB400-105, Novus); goat anti-apoE (AB947, Millipore, Burlington, MA); rabbit anti-LRP1 (ab92544, Abcam, Cambridge, UK); rabbit anti-c-Jun (9165, Cell Signaling, Danvers, MA); mouse anti-PHH3 (05-806, Millipore); rabbit anti-CD11b (ab133357, Abcam). Targeted proteins were detected by adding corresponding HRP-conjugated secondary antibody (Cell Signaling) and Clarity Western ECL Substrate (Bio-Rad). Membranes were digitally imaged using a GS-710 densitometer (Bio-Rad) and band densities were measured using NIH Image J software.
Cholesterol and triglyceride analyses in serum
Total serum cholesterol and triglycerides were quantified using Y. Zhou, et al. Experimental Neurology 321 (2019) 113031 (caption on next page) Y. Zhou, et al. Experimental Neurology 321 (2019) 113031 Pointe Scientific Liquid Reagents (Thermo Fisher Scientific). Individual mouse serum samples were run in duplicate in a 96-well plate and measured for absorbance following manufacturer's protocol. For cholesterol profile analysis, we used 500 μL pools with equal volume contribution from individual mice within each group. Each pool was injected onto a Superose 6 Increase 10/300 GL size-exclusion column (GE Healthcare) and run at 0.5 mL/min in an aqueous mobile phase consisting of 0.15 M NaCl, 0.01 M Na 2 PO 4 , and 0.001 M EDTA. Fractions were collected every minute. Fractions (100 μL) were measured using Pointe Scientific reagents, as above, and μg/fraction was calculated.
Nerve morphological studies
Sciatic nerves were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH: 7.4 for 24 h at 4°C. Subsequently, the samples were transferred to 0.1 M sodium cacodylate buffer (pH: 7.4) and processed for plastic embedding and Toluidine blue staining by the Emory University EM facility (Amici et al., 2006) . Images were digitally captured using an Olympus BX43 upright microscope outfitted with an Olympus DP80 camera. For the morphometric studies, samples from 4 mice per group were analyzed by NIH Image J software. Within randomly selected, fixed nerve tissue areas, the cross-sectional area of each axon and nerve fiber were automatically or manually selected and measured, and the area size was converted to diameter using an equation: × area 2 / . G ratios were calculated as values of axon diameter/fiber diameter. The percentage of myelinated fibers within a fixed area was calculated by dividing the total number of axons with gratios < 1, by the total number of axons.
Immunohistochemical staining and fluorescence microscopy
Freshly-frozen sciatic nerves were sectioned at 8 μm thickness and fixed in 4% paraformaldehyde for 15 min. For Ki67, CD11b or apoE & CD11b co-staining, slides were permeabilized in ice-cold acetone for 2 min. For ABCA1 & CD11b co-staining, slides were permeabilized 0.2% Triton X-100 for 30 min. Sections were rinsed in PBS and blocked with 15% normal goat serum in PBS for 1 h. Subsequently, nerve sections were probed with primary antibodies overnight at 4°C. The antibodies, rabbit anti-Ki67 (RPCA-Ki67, EnCor, Gainesville, FL), rat anti-CD11b (MA5-16528, Thermo Fisher), rabbit anti-apoE (ab20874, Abcam) or rabbit anti-ABCA1 (NB400-105, Novus) were diluted in 10% normal goat serum containing PBS. After washing in PBS, samples were incubated with appropriate fluorescent-dye conjugated secondary antibodies (Invitrogen, Carlsbad, CA) and Hoechst dye (1:1000, Invitrogen) to label nuclei. Slides were mounted using Prolong Anti-Fade Gold (Invitrogen). Images from four random areas of each nerve were captured using a Nikon Eclipse E800 microscopy system. Ki67+ and CD11b + cells were counted from captured images, and the nerve tissue area was calculated by the Nikon software. The sum of immunoreactive cells per 1 mm 2 nerve tissue area was graphed and analyzed.
Statistical analyses
Raw data were exported to GraphPad Prism to calculate mean ± standard error mean (S.E.M). Statistical significance was determined by performing unpaired two-tailed Student's t-tests or unpaired two-tailed Kolmogorov-Smirnov tests using GraphPad PRISM 8. Statistical significance was defined as p < .05.
Results
Pronounced dyslipidemia in nerves from TrJ mice with advanced neuropathy
To investigate the potential involvement of dyslipidemia in neuropathic nerve pathology, we examined samples from 6-month-old Wt and TrJ mice (Fig. 1 ). Morphological analyses of Toluidine blue stained cross sections revealed the presence of vacuoles around the perineurium in affected samples (Fig. 1A , arrows), but not in Wt. To complement these observations, we used Oil Red O, a fat-soluble diazol dye that labels neutral lipids, including cholesteryl esters, in red (Mehlem et al., 2013) . Compared to age-matched Wt, we observed neutral lipid droplets in the endoneurium and especially in the perineurium of TrJ nerves (Fig. 1B , arrows), while the overall lipid-like red staining was decreased (Fig. 1B) .
Next, we performed western blots on whole nerve lysates with antibodies against key lipid transport proteins, including ATP-binding cassette transporter (ABCA1) and apolipoprotein E (apoE) (Vance and Hayashi, 2010; Zhou et al., 2019) (Fig. 1C) . As shown on the representative blot and by quantification, we identified a pronounced 13-fold increase in ABCA1, while the levels of apoE were over 20-fold higher in TrJ, compared with Wt (Fig. 1C, D) . Similarly, the low-density lipoprotein receptor-related protein-1 (LRP1), a member of the lowdensity lipoprotein (LDL) receptor gene family, was also upregulated bỹ 1.8-fold (Fig. 1C, E ). An increase in glial expression of LRP has been observed in the injured peripheral nerve (Campana et al., 2006) , and both apoE and ABCA1 are overproduced in nerves from PMP22-deficient neuropathic mice .
Next we asked which cell types contribute to the elevated ABCA1 and apoE by co-staining nerve samples with ABCA1, or apoE, and CD11b, a macrophage marker (Fig. 1F, G) . In agreement with the biochemical data (Fig. 1C ) and our previous publication , the level of ABCA1 in normal nerves is low, and is associated with thin endoneurial fibroblasts and Schwann cells (Fig. 1F, arrows) . In samples from TrJ mice, enhanced ABCA1-like immunoreactivity is detected in Schwann cells (Fig. 1F, lower panel, arrows) , which can be recognized by their oval nuclei (Notterpek et al., 1997) . In comparison, macrophages were not immunoreactive for ABCA1, neither in WT nor in TrJ nerves (Fig. 1F, arrowheads) . While ABCA1 has not been studied extensively in the PNS, apoE is known to be expressed by macrophages under nerve injury condition (Ignatius et al., 1986) . Indeed, co-staining with anti-apoE and CD11b antibodies identified macrophages (Fig. 1G , arrows), along with Schwann cells and endoneurial fibroblasts displaying enhanced apoE-like reactivity in the TrJ nerves. Together, these findings indicate pronounced dyslipidemia in nerves from symptomatic 6-mo-old TrJ mice, with Schwann cells and macrophages markedly reacting to the myelin defects.
Elevated plasma cholesterol levels in Wt and TrJ mice after 6 weeks HFD intervention
Given the observed lipid abnormalities in nerves from 6-mo-old TrJ mice, we investigated the impact of a lipid-enriched diet on neuropathy Y. Zhou, et al. Experimental Neurology 321 (2019) 113031 development by randomly assigning 3-week-old male and female Wt and TrJ mice to a 6-week-long HFD intervention. Littermates from the same cohorts were given normal control diet (CD). The composition of each diet is shown in Table 1 . At 9 weeks of age, the mice were collected and body weight, liver weight and serum triglycerides and cholesterol levels were measured (Fig. 2) . The 6-week-long HFD intervention did not produce significant differences in body weight or liver weight, as compared with CD-fed mice ( Fig. 2A, B) . However, by Oil Red O staining the livers of both Wt and TrJ mice displayed obvious lipid accumulation in response to the HFD intervention (Fig. 2C) . The sixweek-long HFD feeding did not affect fasting triglyceride levels (Fig. 2D) , while serum cholesterol levels were increased by~50% in both Wt and TrJ mice (Fig. 2E) . Fast protein liquid chromatography revealed that the majority of increased cholesterol was assembled in HDL particles (Fig. 2F) . Overall, young Wt and TrJ neuropathic mice responded similarly to the 6-week-long HFD, without adverse effects.
Improved myelination in the sciatic and phrenic nerves of HFD-fed TrJ mice
To examine the impact of the HFD intervention on the pathogenesis of the neuropathy, we performed morphometric studies on sciatic and phrenic nerve cross sections (Figs. 3 and 4) . In samples from Wt mice, the HFD diet did not cause detectable changes in the percentage of myelinated axons, fiber diameters or g-ratios (Fig. 3A-D) . In comparison, nerves from HFD-fed TrJ mice demonstrated a notable increase in myelinated axons, which was significant upon quantification of individual fibers within randomly-chosen fixed tissue areas (64 ± 1% in TrJ CD vs. 86 ± 1% in TrJ HFD, p < .001) (Fig. 3A-B) . In addition, the average fiber diameter increased (3.4 ± 0.1 μm in TrJ CD vs. 3.9 ± 0.1 μm in TrJ HFD, p < .01). Together these changes in axonal and fiber diameter resulted in lower g-ratios (axon diameter / fiber diameter) (0.83 ± 0.01 in TrJ CD vs. 0.76 ± 0.01 in TrJ HFD, p < .01), which is indicative of improvements in the maintenance of Y. Zhou, et al. Experimental Neurology 321 (2019) 113031 myelinated fibers (Fig. 3A, C, D) . To determine which fibers (small or large) responded to the HFD intervention, we analyzed the data from TrJ mice after segregating the axons by diameter into 4 groups ( Fig. 3E-G) . These detailed analyses revealed preferential response of small caliber myelinated fibers to the HFD intervention, and this was evident by the percentage of myelinated axons, fiber diameter, as well as in g-ratios ( Fig. 3E-G) .
To further examine the impact of the HFD on myelination, we also analyzed the phrenic nerves, which mostly contain myelinated motor fibers (Fig. 4) . By morphological examination, nerves from HFD-fed TrJ mice display an increase in myelinated axonal profiles, which upon quantification is significant (Fig. 4A, B) . Measurements of axon and fiber diameters, and calculation of g-ratios failed to detect changes in nerves from Wt mice, which agree with the representative micrographs ( Fig. 4A-E) . In samples from HFD-fed TrJ group, axon (Fig. 4C) and fiber ( Fig. 4D ) diameters were similar to those of CD-fed TrJ mice (p = .6707 and p = .2050, respectively), however these measurements yielded a significant improvement in g-ratios (Fig. 4E) . Therefore, the CD; *p < .05, **p < .01, *** p < .001, unpaired two-tailed Student's t-test. ## identifies genotype effect. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Y. Zhou, et al. Experimental Neurology 321 (2019) 113031 neutral lipid-enriched HFD benefitted small caliber myelinated axons in the sciatic (Fig. 3) , as well as motor axons in the phrenic nerve (Fig. 4) .
Cellular proliferation is reduced in the sciatic nerves of HFD-fed TrJ mice
Aberrant Schwann cell proliferation is a common feature of PMP22-linked neuropathies, including early-onset conditions (Notterpek and Tolwani, 1999) . Therefore, we assessed cellular markers related to Schwann cell differentiation and mitosis in nerves from the four study groups (Fig. 5) . Elevated expression of c-Jun, a negative regulator of myelination, has been described in denervated but not myelinating Schwann cells (Shy et al., 1996; Jessen and Mirsky, 2008) . Indeed, the levels of c-Jun and the mitotic marker phosphohistone H3 (PHH3) were significantly elevated in CD-fed TrJ nerves, compared with Wt ( Fig. 5A-D) . Significantly, in response to the HFD intervention, the expression of both of these molecules decreased (Fig. 5A-D) , a finding that agrees with the observed improvements in myelination (Figs. 3, 4) . The aberrant mitotic phenotype of neuropathic nerves was also evident through immunostaining and counting the number of Ki67-positive cells (Scholzen and Gerdes, 2000; Lee et al., 2018) in nerves from CDfed Wt and TrJ mice, which identified a strong genotype effect (Fig. 5E-H) . Significantly, we discovered a~2.3-fold decrease in the number of Ki67-positive cells after the HFD intervention (Fig. 5E, F) , a result that is supported by counting total cell numbers within fixed nerve tissue areas (Fig. 5G, H) . Together these results indicate that the HFD intervention supported the maintenance of the myelinated Schwann cell phenotype in nerves from young neuropathic mice.
Macrophage infiltration is reduced in nerves from HFD-fed neuropathic mice
Macrophage infiltration is known to occur in nerve injury and in hereditary neuropathies, as Schwann cells attract immune cells to aid in the clearance of myelin debris (Martini et al., 2008) . Nerves of 9-weekold CD-fed Wt and TrJ mice contain over one hundred, or over three hundred, CD11b-positive macrophages per square mm, respectively (Fig. 6A, B) . After 6 weeks on the HFD intervention, macrophage numbers were reduced in both genotypes, with neuropathic nerves mimicking the cell counts from Wt (Fig. 6A, B) . Western blot analyses of total nerve lysates from the CD-fed cohort supported the morphological observations, with elevated CD11b TrJ samples, compared with Wt Y. Zhou, et al. Experimental Neurology 321 (2019) 113031 ( Fig. 6C, D) . However, CD11b protein levels were diminished after the HFD intervention, as suggested by the reduction in macrophage numbers. Finally, the elevated endogenous nerve IgG levels in TrJ samples were also partially rectified by the HFD diet, likely due to decreased permeability of the blood-nerve and/or perineurial barriers. Together, these results suggest attenuated immune activation by the fat-enriched diet (Fig. 6E, F) .
Partial correction of nerve dyslipidemia by HFD intervention
Given the pronounced dyslipidemia in advanced neuropathic nerves (Fig. 1) , we asked whether the HFD intervention altered this phenotype (Figs. 7 and 8) . As shown on the Oil Red O stained micrographs, at 9 weeks of age, nerves from TrJ mice already contain an abundance of neutral lipids at the perineurium, compared with Wt (Fig. 7A) . In response to HFD, we did not observe a significant change in the density of lipid droplets at the perineurium in either genotype, while an increase in neutral lipid clusters was observed within the endoneurium of HFDfed TrJ mice (Fig. 7A-C) . Upon quantification, nerves from TrJ HFD mice displayed similar density of perineurial lipid droplets as the CDfed group (Fig. 7B) , while endoneurial lipid droplets increased~3-fold (2.1 ± 0.1 in TrJ CD vs. 6.2 ± 0.6 in TrJ HFD) (Fig. 7C) . Lipid droplets were absent from nerves of Wt mice regardless of diet (Fig. 7A,  top) .
To complement the morphological lipid localization studies ( Fig. 7A-C) , we examined the influence of HFD on biochemical markers of dyslipidemia (Fig. 8) . At 9 weeks of age, in TrJ neuropathic nerves, the expression of ABCA1, apoE, and LRP1 were already significantly elevated when compared with age-matched CD-fed Wt (Fig. 8A-F) . The HFD intervention moderated this atypical phenotype concerning apoE and LRP1, however, ABCA1 levels were not reduced significantly compared with CD-fed TrJ (Fig. 8A-F) . Together, these results demonstrate the strong influence of a short-term diet intervention on lipid metabolism in neuropathic nerves.
Discussion
Here, we show that developing TrJ neuropathic nerves actively respond to dietary lipids, with improved myelination and alleviated nerve pathologies. Our data revealed the beneficial impact of a neutral lipidenriched diet on ameliorating the extent of pathogenesis of the neuropathy during post-weaning period, as indicated by morphological and biochemical measures. Compared with CD-fed TrJ mice, the degree of dyslipidemia was also attenuated by the HFD intervention, as detected by changes in the levels of cholesterol transport proteins. Together, our findings reveal a pronounced influence of dietary lipids on neuropathic nerves and support further work toward understanding the involvement of lipid metabolism in myelin disorders.
How did the neutral-lipid enriched HFD improve myelination in young TrJ mice? While the current study did not investigate the Y. Zhou, et al. Experimental Neurology 321 (2019) 113031 mechanism of uptake for the dietary lipids by the nerves, previous studies in both CNS and PNS demonstrated the importance of cholesterol in myelin development and regeneration (Saher et al., 2005; Saher et al., 2009 ). In the CNS, cholesterol esters are partially localized to newly-formed myelin and a cholesterol ester hydrolase, necessary for free cholesterol conversion, is specifically found in myelin (Adams and Davison, 1959; Eto and Suzuki, 1973) . In degenerating/regenerating peripheral nerves, most lipid species are decreased, while cholesterol esters are dramatically increased (Larrouquere-Regnier et al., 1979; Yao and Dyck, 1981; Hofteig et al., 1982) and stored as lipid droplets in Schwann cells and perineurial/endoneurial fibroblasts to facilitate myelin regeneration (Rawlins et al., 1972; White et al., 1989; Goodrum et al., 1994) . In agreement, our data revealed the accumulation of neutral lipid clusters in the endoneurial and perineurial area of Y. Zhou, et al. Experimental Neurology 321 (2019) 113031 neuropathic nerves from 6-month-and 9-week-old CD-fed TrJ mice, with an increase in endoneurial lipid deposits with HFD feeding. The presence of lipid droplets within the endoneurium of HFD-fed TrJ mice may reflect the uptake of exogenous lipids by nerve fibroblasts and Schwann cells. The molecular and cellular mechanisms of lipid uptake will be important to study in the future and will need to include various disease stages. It is possible that Schwann cells within nerves of young neuropathic animals respond preferentially to the HFD intervention and able to partially rescue the dysmyelinating phenotype. The neutral lipid-enriched HFD not only improved nerve myelination, but also supported a myelination-permissive environment, as indicated by a reduction in aberrant cell proliferation and in c-Jun expression. In response to nerve injury, myelinated Schwann cells undergo de-differentiation in an attempt to remyelinate regenerating axons (Jessen et al., 2015) . In our study, the reduction in mitotic cells in HFD-fed young neuropathic mice is likely the reflection of enhanced differentiation. Indeed, TrJ nerves are delayed in development, with a pronounced dysmyelinating phenotype by 10 days of postnatal development (Notterpek et al., 1997) . The HFD intervention also reduced CD11b-positive macrophage infiltration, a sign of myelin damage in injured and neuropathic nerves (Martini et al., 2008) . Along with the reduction in cellular proliferation and macrophage infiltration, HFD supported the maintenance of axons and myelin thickness, as indicated by the results from the morphometric studies. Similar improvements in myelination and rescue of myelinated axons were achieved in CMT1A neuropathic rats by a phosphatidylcholine-enriched diet (Fledrich et al., 2018) .
With regard to systemic lipid metabolism, the 6-week-long HFD regimen increased circulatory serum cholesterol levels in both Wt and TrJ, but only affected nerve morphology in neuropathic mice. For example, endoneurial lipid deposits after HFD were observed only in the neuropathic nerves (Fig. 7) , suggesting an active entry of circulatory lipids into the neural tissue. The source of the elevated neutral lipids was likely from the epineurial adipocytes, in part, reacting as a compensatory mechanism (Verheijen et al., 2003; Montani et al., 2018) . Our findings in nerves of Wt mice agree with published reports on de novo lipid synthesis within neural tissues and the lack of lipid uptake from the plasma (Jurevics and Morell, 1994; Verheijen et al., 2003; Schmitt et al., 2015) . However, in TrJ nerves, the circulation could be partially responsible for the lipid deposits, as the blood-nerve barrier might be more permeable under neuropathic condition (Bouldin et al., 1991; Kanda, 2013) . While the direct mechanism by which HFD intervention benefits myelination remains to be determined, it is important to note that PMP22 contains evolutionarily conserved cholesterol binding CARC and CRAC domains (Gould et al., 2005; Sedzik et al., 2013) and is known to regulate Schwann cell differentiation both in vivo and in vitro (Magyar et al., 1996; Hanemann et al., 1997; Nobbio et al., 2004) . Interestingly, among~40 different PMP22 missense mutations, 4 were localized to the CARC and 7 were found in the CRAC domain, with CRAC-mutant patients displaying severe, early-onset neuropathic phenotypes (Navon et al., 1996; Bort et al., 1997; Ionasescu et al., 1997; Ikegami et al., 1998; Marques Jr. et al., 1998; Parman et al., 1999; Numakura et al., 2000; Ohnishi et al., 2000) . Hence, the added cholesterol (0.2% of total calories) in the HFD may improve myelination and alleviate Schwann cell over-proliferation by modulating PMP22 signaling. In addition, independent of PMP22, cholesterol is known to regulate the PI3K/AKT/mTOR pathway, which is involved in myelination (Norrmen et al., 2014; Domenech-Estevez et al., 2016; Mathews and Appel, 2016) . The currently tested HFD, with 0.2% cholesterol, significantly increased serum cholesterol levels, which may have contributed to the positive outcome with regards to nerve pathology. Dietary cholesterol was recently shown to promote the repair of demyelinated lesions in the CNS by creating a permissive environment (Berghoff et al., 2017) . Moreover, a cholesterol-enriched diet, with 5% cholesterol content, was used to treat mice with CNS demyelinating Pelizaeus-Merzbacher disease (Saher et al., 2012) caused by the overexpression of proteolipid protein (Werner et al., 2013 Y. Zhou, et al. Experimental Neurology 321 (2019) 113031 cholesterol-enriched diets have not been tested in early-onset hereditary neuropathic rodents, our previous in vitro studies suggest that cholesterol supplementation could provide benefits to affected nerves in certain genetic conditions. Specifically, in Schwann cells cultured from PMP22-deficient mice, exogenous cholesterol supplementation corrected aberrant cellular morphology and improved cell migratory behavior (Lee et al., 2014) . Dietary lipid supplementation and/or substitutions have been explored in numerous neurological conditions as potential therapies (Saher et al., 2005; Saher et al., 2012; Berghoff et al., 2017; Fledrich et al., 2018) . The percentage of cholesterol and of specific lipids varies among the various HFD interventions, which may sometimes contribute to seemingly opposing results in the literature. For example, in C57BL/6 mice, which is the genetic background of the TrJ (Henry and Sidman, 1983) , a 14-week-long HFD caused damage to large myelinated and small sensory nerve fibers, leading to neuropathy (Xu et al., 2014) . In this long-term study, 45% of the calories were derived from lard fat and the percentage of cholesterol was 0.02% in comparison to 42% milk fat with 0.2% cholesterol in our study (Table 1 ). In addition to the specific diet, the length of the intervention as well as the strain and the age of mice have strong influence on the outcome. Here, as mentioned above, we treated young mice with developing nerve pathology, which may have been key for the observed improvements. Indeed, in a previous report, soluble neuregulin-1 significantly improved CMT1A nerve myelination when animals were treated before weaning age (P6-P18) (Fledrich et al., 2014) . The neuregulin-1 therapy impacted myelin development, including Schwann cell differentiation, by enhancing the PI3K-AKT signaling (Fledrich et al., 2014) . Coincidently, neuregulin-1 in Schwann cells increases the activity of 3-hydroxy-3-methylglutarylCoA (HMGCoA) reductase, a key enzyme in cholesterol biosynthesis (Pertusa et al., 2007) . Therefore, the lipid pathway may have been responsible, in part, for the positive effects in the cited study.
Additional studies are necessary to determine the optimal lipid-enriched diet, treatment time window and length to achieve long-lasting benefits in neuropathic nerves without harmful side effects. Nerve conduction and muscle strength studies will need to be included for comprehensive evaluation. Alternatively, intermittent lipid supplementation throughout the lifespan of the organism may be ideal. In addition, considering the phenotype heterogeneity due to the variety of mutations in human PMP22 (Li et al., 2013) , it will be informative to study the effects of lipid-enriched diets in multiple animal models, such as with PMP22 duplication, deletion and other missense mutations. Overall, our studies support recent findings on the positive influence of dietary lipids on myelination and myelin repair.
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